The Epstein-Barr virus (EBV) establishes a lifelong latent infection in humans. EBV infection of primary B cells causes cell activation and proliferation, a process driven by the viral latency III gene expression program, which includes EBV nuclear proteins (EBNAs), latent membrane proteins, and untranslated RNAs, including microRNAs. Some latently infected cells enter the long-lived memory B-cell compartment and express only EBNA1 transiently (Lat I) or no EBV protein at all (Lat 0). Targeting the molecular machinery that controls B-cell fate decisions, including the Bcl-2 family of apoptosis-regulating proteins, is crucial to the EBV cycle of infection. Here, we show that BIK (also known as NBK), which encodes a proapoptotic "sensitizer" protein, is repressed by the EBNA2-driven Lat III program but not the Lat I program. BIK repression occurred soon after infection of primary B cells by EBV but not by a recombinant EBV in which the EBNA2 gene had been knocked out. Ectopic BIK induced apoptosis in Lat III cells by a mechanism dependent on its BH3 domain and the activation of caspases. We show that EBNA2 represses BIK in EBV-negative B-cell lymphoma-derived cell lines and that this host-virus interaction can inhibit the proapoptotic effect of transforming growth factor ␤1 (TGF-␤1), a key physiological mediator of B-cell homeostasis. Reduced levels of TGF-␤1-associated regulatory SMAD proteins were bound to the BIK promoter in response to EBV Lat III or ectopic EBNA2. These data are evidence of an additional mechanism used by EBV to promote Bcell survival, namely, the transcriptional repression of the BH3-only sensitizer BIK.
pstein-Barr virus (EBV) is a B lymphotropic human herpesvirus with oncogenic potential (for reviews, see references 1 and 2). Following primary infection, EBV establishes a lifelong latent infection in more than 90% of all adults, with intermittent virus shedding in very low levels in saliva. EBV persists in a quiescent state in circulating, resting, memory B cells. EBV is a potent transforming virus in vitro and efficiently infects resting B cells, leading to the outgrowth of permanently growing lymphoblastoid cell lines (LCLs), a process known as B-cell immortalization. The EBV nuclear antigen 2 (EBNA2) is a key viral latent protein that initiates and maintains the EBV latency III gene expression program (Lat III; also known as the latency growth program) seen in LCLs. This transcription pattern involves the expression of at least six viral nuclear proteins (including EBNA1, -2, -3A, -3B, -3C, and -LP), three integral latent membrane proteins (LMP1, -2A, and -2B), two small nonpolyadenylated RNAs known as EBER1 and EBER2, a set of poorly understood transcripts known as BARTs (for a review, see reference 3) , and a large number of more recently discovered microRNAs (4) EBNA2 is a transcription factor that does not bind directly to DNA but is recruited to its sites of action through complex and cell context-dependent interactions with cellular proteins, including CBF1 (also known as RBP-J, a nuclear adapter component of the cellular Notch signaling pathway) and others (for reviews, see references 5 and 6). Important positive transcriptional targets of EBNA2 are the EBV LMP1 (7) and cellular MYC (c-MYC) (8) , both of which encode proteins that have major effects on cell phenotype (reviewed in references 9 and 10).
In vivo, the main targets of EBV are naive B cells and B cells that undergo affinity maturation in a germinal center (GC). GCs are structured microenvironments of secondary lymphoid tissues in which antigen-activated B cells undergo proliferation, class switch recombination (CSR), somatic hypermutation (SHM), antigen selection, and affinity maturation (for a review, see reference 11). The currently accepted explanation for EBV persistence in healthy immunocompetent hosts is referred to as the GC model. Following primary infection, the EBNA2-driven Lat III program induces host B cells to proliferate as infected blasts. Such cells are frequently detectable in tonsillar tissues from patients with the acute symptomatic primary EBV infection known as infectious mononucleosis (IM) (12) (13) (14) . Although this cell pool is efficiently targeted by the cytotoxic T cell (CTL) response in immunocompetent hosts, due to the immunogenicity of viral proteins, some infected cells transit the GC and enter into the long-lived memory B-cell compartment by exploiting normal B-cell biological processes. EBNA2 expression is shutoff during GC transit, and cells with a more restricted viral protein pattern, which includes EBNA1, LMP1 and LMP2 (known as latency II, or Lat II; also known as the default program), are detectable. Latently infected memory B cells exiting the GC express either no viral proteins at all (latency 0, or Lat 0) or only EBNA1 transiently (latency I, or Lat I) during rare mitoses and are therefore considered the site of long-term persistence due to immune invisibility and virus quiescence (15) . Signals that promote the induction of B-cell terminal differentiation can also initiate virus lytic reactivation in a small subset of these cells, leading to the release of infectious virus particles. The latter are then either shed or go on to infect new naive B cells, thus completing the cycle. EBV production in infected epithelial cells also occurs and may serve to amplify the level of infectious virus particles at the point of entry or exit. EBV-associated B-cell malignancies arise from infected cells at different stages of the B-cell differentiation pathway. Thus, EBV-associated endemic Burkitt's lymphoma (BL) cells are believed to be of GC origin and the majority express the Lat I transcription program (16); Hodgkin's lymphoma (HL) malignant cells are thought to be derived from atypical post-GC cells and in EBV-positive cases they express Lat II (17); EBV-positive posttransplant lymphomas (PTLs) in immunosuppressed patients arise from virus-transformed B cells expressing the Lat III program that have escaped effective T-cell surveillance (18) .
The strategic inhibition of B-cell apoptosis is central to EBV biology and is likely to also play a role in the development of EBV-related diseases (for reviews, see references 19 to 21). In the GC environment, only those B cells that express the highest-affinity immunoglobulins are rescued from stringent proapoptotic pathways that signal through transforming growth factor ␤ (TGF-␤) (22, 23) , FAS (24, 25) , and B-cell receptors (26) . Bcl-2 proteins are critical for setting the threshold of resistance to apoptosis and initiating the apoptotic cascade, and members are grouped primarily by reference to distinct Bcl-2 homology (BH) domains (for a review, see reference 27). The so-called BH3-only proteins are proapoptotic and bind via their short ␣-helical BH3 domain to prosurvival Bcl-2 family members, and this interaction is required for their ability to kill cells (28) . BH3-only proteins are classified into two groups, namely, activators (BIM, BID, and PUMA) capable of directly activating BAX and BAK and sensitizers (BIK, BMF, BAD, and NOXA) that interact with antiapoptotic Bcl-2 family members, thereby sensitizing cells to proapoptotic triggers. BH3-only proteins are subject to stringent control but become transcriptionally upregulated and/or posttranslationally modified in response to proapoptotic signals, thereby gaining their full apoptotic potential (29) . BIK (Bcl2 interacting killer; also known as NBK), the founding member of the BH3-only group, is a potent inducer of apoptosis that can trigger through both p53-dependent and -independent pathways (30) (31) (32) (33) (34) . BIK selectively inhibits the prosurvival BCL-X L , BFL-1, and BCL-w (35) and has been shown to sensitize tumor cells to apoptosis mediated by various therapeutic agents (36) (37) (38) by a mechanism that is dependent on its BH3 domain (39) .
Several published observations have suggested that BIK plays a key role in B-cell homeostasis. BIK is upregulated in B cells following antigen receptor stimulation (40, 41) and is critical to the apoptotic selection of mature B lymphocytes. More recently, the mechanism of action of TGF-␤ in GC-derived centroblasts and BL-derived cell lines has been shown to involve BIK upregulation (22) . We report here for the first time that BIK is a negative transcriptional target of EBV and is repressed by the EBNA2-driven Lat III program, independently of c-MYC. BIK repression occurred soon after infection of primary B cells by wild-type EBV but not by a recombinant EBV in which the EBNA2 gene had been knocked out. Furthermore, BIK repression was mediated by EBNA2 in EBV-negative B-cell lines, and this was effected at the level of the SMAD/BIK promoter complex. BIK induced apoptosis in Lat III cell lines by a mechanism dependent on its BH3 domain and the activation of caspases. EBNA2 antagonized TGF-␤1-mediated BIK upregulation and induction of the intrinsic apoptotic program. These observations are evidence of an additional mechanism used by EBV to inhibit apoptosis during B-cell infection, namely, the transcriptional repression of a BH3-only sensitizer, the cellular proapoptotic BIK.
containing virus were harvested and purified by density gradient centrifugation (Optiprep; Axis Shield) (58) . Virus titrations were carried out by quantitative PCR (qPCR) as described previously (59) . Primary B cells were positively selected from apheresis cones (National Health Service Blood and Transplant [NHSBT], Birmingham, United Kingdom) by using CD19 Dynabeads (Invitrogen), followed by a detachment step and then assessment for purity as described elsewhere (60) . Isolated resting B cells were incubated with virus preparations at a multiplicity of infection (MOI) of 100. Infection was assessed by immunofluorescence cell staining with JF186 monoclonal antibody to detect EBNA-LP expression 2 days postinfection, at which time the cells were 70 to 75% EBNA-LP positive.
RNA assays and Western blot assays. RNA was extracted from cell lines or EBV-infected B cells by using an RNeasy kit (Qiagen) and then DNase treated with a DNA-free kit (Ambion) according to the manufacturer's instructions. Reverse transcription (RT) was done using Sensiscript reverse transcriptase (Qiagen), and BIK and GAPDH mRNAs were detected by RT-qPCR using TaqMan assay reagents (Hs00154189_m1 and Hs99999905_ml, respectively; Applied Biosystems). All RT-qPCR data were analyzed as described previously (61, 62) , and relative transcript levels were determined after coamplification and normalization to GAPDH transcript levels. The RNase protection assay (RPA) and Western blotting procedures used have been described elsewhere (63) . RNA interference, plasmids, and transfections. Small interfering RNA (siRNA) knockdown experiments were performed with the Nucleofector device II (Lonza) using the following siRNA reagents (from Applied Biosystems): anti-BIK siRNA si1989 and anti-BIK siRNA si1990 (4390824), Silencer negative control siRNA (AM4611), and anti-SMAD3 siRNA56 and anti-SMAD3 siRNA57 (4390827). The plasmids pSGEBNA2, pSGEBNA2WW323SR, pcDNA3-HA-BIK, and pcDNA3-HA-BIK⌬BH3 have been described elsewhere (39, 65) . Transfection of cell lines with plasmids was done by electroporation using a Gene Pulser II (Bio-Rad) and Ingenio electroporation solution transfection reagent (MIR 50118; Mirus). All transfection results presented were compiled from three independent experiments.
Apoptosis assay. Cells were seeded at 5 ϫ 10 5 cells/ml in 2% FBSsupplemented medium prior to treatment with TGF-␤1 (GF111; Merck Millipore). Cell viability and the onset of apoptosis was monitored using an Annexin-phycoerythrin (PE) apoptosis detection kit (559763; BD Biosciences), which contains recombinant Annexin V-fluorochrome PE conjugate and the vital dye 7-amino-actinomycin (7-AAD), followed by flow cytometry (FACSCalibur; BD Biosciences) and CellQest software. Data for at least 10,000 cells were collected for each analysis, and two-dimensional plots of 7-AAD versus PE were generated. Other reagents used were N-benzyloxycarbonyl-Val-Ala-Asp (OMe)-fluoromethyl ketone (zVADfmk; 219007; Merck) and MG132 (C2211; Sigma-Aldrich).
ChIP assays. Chromatin immunoprecipitation (ChIP) assays were performed using a ChIP kit (ab500; Abcam) according to the manufacturer's instructions. In brief, chromatin/DNA complexes were extracted from 3 ϫ 10 6 cells. Chromosomal DNA was sheared using a sonifier (Branson 450) to an optimal DNA fragment size of 200 to 1,000 bp. Equal samples of sonicated chromatin were then individually immune precipitated with the ChIP-grade antibodies Ab28379 (anti-SMAD3), Ab3219 (anti-SMAD4), and isotype control IgG (Abcam). The relative levels of BIK promoter present in each immunoprecipitate were then determined following amplification by PCR of a 420-bp fragment located upstream of the BIK transcription start site, by using the primer sequences 5=-GGAG GCCCTAGAAGAAAAGACTAC-3= and 5-GGAACAGAGGAGGTA-AAGTGTGAT-3= (22) . The primers used to amplify a portion of the GAPDH promoter were 5=-AGCTCAGGCCTCAAGACCTT-3= and 5=-A AGAAGATGCGGCTGACTGT-3= (Human ChIP-seq grade GAPDH TSS primers; Diagenode). A 1/100 portion of the precipitated chromatin was used for PCR.
RESULTS
BIK is downregulated in cell lines expressing the EBV Lat III but not the EBV Lat I program. We first investigated if BIK was regulated by EBV, and to this end, BIK protein levels were profiled in a range of well-studied B-cell lines. BIK was detected in BL-derived cell lines that were either EBV negative or EBV positive but expressed the Lat I program, in which EBNA1 is the only detectable viral protein (Fig. 1A) . In contrast, BIK mRNA and protein levels were repressed in LCLs and EBV-positive Lat III BLs, both of which express the full spectrum of EBV latent gene products ( Fig.  1A and B) . Interestingly, BIK levels remained elevated in the BL cell lines Daudi and BL41-P3HR1, both of which contain EBV genomes that harbor deletions spanning the EBNA2 coding se- quence, and also in OKU-BL, which exhibits a Wp-restricted latency gene expression pattern in which EBNA2 is not expressed (42) .
BIK is repressed by the EBV Lat III program in a conditional LCL. In LCLs, EBNA2 drives the EBV growth program, and we therefore investigated if BIK was also a negative target of EBV in this context. ER/EB2-5 is a conditional LCL in which the function of an estrogen receptor-EBNA2 fusion protein (and therefore the proliferative and growth transformation effects of EBV) is dependent on ␤-estradiol (50). It can be seen in Fig. 2A and B that inactivation of chimeric EBNA2 led to BIK induction in ER/EB2-5 and that readdition of ␤-estradiol restored BIK repression. It has been shown elsewhere that the effects of ␤-estradiol withdrawal can be reversed in this setting upon introduction of wild-type EBNA2 (66) or partially reversed with the intracellular domain of Notch1 (Notch1IC), a cellular functional homologue of EBNA2 (56) . Here, trans-complementation of ER/EB2-5 following lentivirus transduction with EBNA2 or high levels of Notch1IC also maintained BIK transcriptional repression in the absence of ␤-es- tradiol ( Fig. 2A) . Elsewhere, BIK repression has been reported in response to estrogen signaling in a breast cancer-derived cell line (MCF7) (67) . This possibility can be excluded in the present study, however, as BIK repression was observed in both the ER/ EB2-5 trans-complementation and DG75-tTA-EBNA2 induction experiments (see Fig. 5 , below), neither of which involved the use of ␤-estradiol. c-MYC is a key direct target of EBNA2 in LCLs (8) , and enforced c-MYC expression at high levels is sufficient to drive B-cell proliferation in the absence of EBNA2 and LMP1 (68) . P493-6 is an ER/EB2-5 derivative in which exogenous c-MYC is negatively regulated by tetracycline, thus permitting the c-MYC growth program to be uncoupled from that of EBV (54) . Here, we observed that the steady-state levels of BIK mRNA and protein were significantly higher in P493-6 cells proliferating due to c-MYC (Ϫ ␤-estradiol/Ϫ TET) than in their EBV-driven counterparts (ϩ ␤-estradiol/ϩ TET, which behaved like the parental ER/ EB2-5 cell line) (Fig. 2C) . This was reminiscent of the BIK repression seen in EBV-driven LCLs, in contrast to BL type 1 cell lines, which are driven to proliferate by c-MYC (Fig. 1A) . Overall, these results showed that BIK is a negative transcriptional target of the EBNA2-driven Lat III program in LCL and that a contribution of c-MYC to BIK repression can be excluded in this context. BIK repression occurs following EBV infection of primary B cells in vitro by a mechanism requiring EBNA2. In order to investigate BIK expression during an EBV infection in vitro, isogenic populations of freshly isolated primary B cells were separately infected with wild-type EBV (EBV wt) or a recombinant EBV in which the EBNA2 gene had been knocked out (EBV EBNA2-KO) (Fig. 3A) . Western blot analysis using protein extracts sampled at various time points following infection confirmed EBNA2 expression only when wild-type EBV was used (Fig. 3B) . EBNA2 was detectable as early as 6 h following infection and at all time points thereafter. A concomitant decrease in BIK protein levels was observed in response to infection with EBV wt but not EBV EBNA2-KO. Furthermore, BIK repression was clearly in evidence as early as 6 h after infection. Conversely, BIK levels were seen to increase starting at 24 h following infection with EBV EBNA2-KO and to increase further at 48 h and again at 72 h (Fig. 3B) . Elsewhere, this EBV EBNA2-KO was shown to express EBNA1, -LP, -3A, and -3C and BHRF1 at 24 h following infection and also LMP1 (detectable at 3 days postinfection) (69) . We concluded, therefore, that BIK repression occurs following EBV infection of primary B cells in vitro by a mechanism requiring EBNA2. Furthermore, the experiment also suggested that EBNA2 expression serves to prevent an increase in BIK levels that would otherwise occur following EBV infection.
EBNA2 represses BIK in BL cell lines. Sustained BIK expression in the Daudi, BL41-P3HR1, and OKU-BL cell lines pointed to a role for EBNA2 in BIK repression. This possibility was therefore investigated using BL-derived transfectants that express either chimeric estrogen receptor-EBNA2 (ER-EBNA2), whose function is dependent on ␤-estradiol (BL41-K3 and BL41-P3HR1-9A) (50, 51, 53) or that can be induced to express EBNA2 in response to the removal of tetracycline (DG75-tTA-EBNA2) (52) . In all cases, activation or induction of EBNA2 led to the transcriptional repression of BIK (Fig. 4A and B) . In contrast BIK was not repressed in response to the induction of LMP1 in a stable DG75 transfectant (DG75-tTA-LMP1) (52) . A role for c-MYC in BIK repression is unlikely here, as both genes are coexpressed in EBV-negative and EBV Lat 1 cell lines. Furthermore, EBNA2 has been shown to negatively regulate c-MYC in BL41-K3 but not in BJAB-K3 cells, which do not carry the BL-associated t(8;14) chromosomal translocation (55, 70 ), yet we observed BIK repression in both cases (BJAB-K3 results not shown). We also observed a decrease in BIK ␤-actin by using protein extracts prepared from the cell lines named above the corresponding panel of blots. BL41K3 and BL41-P3HR1 (9A) are stable transfectants of BL41 and BL41-P3HR1, respectively, that express a chimeric estrogen receptor-EBNA2 whose function is dependent on ␤-estradiol (cEBNA2; shown for BL41K3 only). The numbers above these two panels are the times (in hours) following the addition of ␤-estradiol to the cultures. DG75-tTA-EBNA2 and DG75-tTA-LMP1 are stable transfectants of DG75 that can be induced to express EBNA2 and LMP1, respectively, by reculturing the cells in the absence of tetracycline (times in hours following removal of tetracycline are indicated above each lane). (B) The corresponding BIK mRNA levels from triplicate sets of RNAs from the experiments shown in panel A, determined by RT-qPCR. The times (expressed in hours) following cEBNA2 activation or EBNA2/LMP1 induction are given underneath each bar chart. BIK transcript levels were normalized to that of GAPDH. Data are means Ϯ standard deviations. *, P Ͻ 0.05; statistical comparisons were made between each starred time point and the 0-h time point. (C) RT-qPCR showing BIK mRNA levels following the addition of ␤-estradiol (expressed in hours, underneath) to SM295D6 and SM296D3, both ER-EBNA2-expressing subclones of DG75. In SM296D3, both copies of the CBF1 gene have been inactivated by somatic knockout. BIK transcript levels were normalized to that of GAPDH and then plotted relative to the value obtained with SM295D6 (arbitrarily assigned a value of 1). Data are means Ϯ standard deviations. *, P Ͻ 0.05; statistical comparisons were made between each starred time point and the corresponding 0-h time point for the same cell line. mRNA levels following the addition of ␤-estradiol to an ER-EBNA2-expressing subclone of DG75 (SM296D3), in which both copies of the CBF1 gene had been inactivated by somatic knockout (Fig. 4C) (55) . These results demonstrated that BIK is transcriptionally downregulated by EBNA2 in EBV-negative BL lines and following trans-complementation of the EBNA2 genomic deletion in the EBV-infected BL41-P3HR1, and that neither c-MYC nor CBF1 plays a significant role in this regard.
Reduced levels of SMAD proteins are bound to the BIK promoter upon activation of the EBV Lat III program or expression of ectopic EBNA2. TGF-␤1 is a physiological mediator of GC B-cell homeostasis through cell type-specific induction of apoptosis (for a review, see reference 71). TGF-␤1-driven BIK expression is associated with the recruitment of regulatory SMAD proteins (R-SMADs), the primary mediators of canonical TGF-␤1 signaling, to a functional SMAD-binding element (SBE) present on the human BIK promoter (22) . Here, we show that SMAD3 knockdown with siRNAs led to decreased basal levels of BIK mRNA and protein and an inhibition of BIK induction by TGF-␤1 in both Ramos and BJAB cells ( Fig. 5A and B) , thus confirming an essential role for SMAD3 as a positive transcriptional regulator that sets the threshold level of BIK in this cell context. Furthermore, BIK repression by the EBV Lat III program in ER/EB2-5 cells occurred concomitantly with a decrease in total SMAD3 levels (Fig. 5C) . Using ChIP assays, we observed reduced levels of SMAD3 and SMAD4 bound to the BIK promoter in cycling ER/ EB2-5 cells following activation of ER-EBNA2 (Fig. 5D) . No changes in SMAD3/4 binding to the GAPDH promoter were seen in the same experiment, demonstrating specificity. Furthermore, decreased levels of SMAD3 and SMAD4 were bound to the BIK promoter in the presence of TGF-␤1 when either ectopic EBNA2 or EBNA2WW323SR was expressed in Ramos and BJAB cells ( Fig.  5E and F) . Again, no changes in SMAD3/4 binding to the GAPDH promoter were observed under the same conditions ( Fig. 5E ; data not shown for BJAB). Total SMAD3 levels were also decreased in the presence of EBNA2 or EBNA2WW323SR following treatment of BJAB with TGF-␤1 (Fig. 5G) .
Ectopic BIK induces apoptosis in EBV Lat III cell lines by a mechanism dependent on its BH3 domain and the activation of caspases. BIK is proapoptotic in mature B lymphocytes (41), and we therefore asked if the reintroduction of this protein would have a negative impact on the survival of B cells proliferating due to EBV. In a control experiment, the 7-AAD/Annexin V staining profile of the IB4 LCL was first established by fluorescence-activated cell sorting (FACS) analysis in response to the apoptosisinducing proteasome inhibitor MG132 (72) . MG132 efficiently induced apoptosis in IB4 cells, and this effect was inhibited by the broad-spectrum caspase inhibitor zVAD-fmk (Fig. 6A) . Elsewhere, MG132 has been shown to induce the accumulation of BIK, but not other Bcl-2 family proteins, in a range of cancer cell lines (73) . IB4 cells were then transiently transfected with a plasmid expressing hemagglutinin (HA)-tagged BIK (HA-Bik) together with a green fluorescent protein (GFP) expression plasmid (pMaxGFP; Amaxa GmbH), and the survival profile of GFP-expressing cells was analyzed 6 h later. Exogenous BIK rapidly induced apoptotic death in transfected cells in a dose-dependent manner (Fig. 6B) . Furthermore, this effect was significantly reduced upon deletion of the BIK BH3 domain and virtually absent when empty vector or the antiapoptotic BFL-1 was substituted as the effector (Fig. 6B; BFL-1 results not shown) . It can be seen that zVAD-fmk efficiently inhibited BIK-induced apoptosis in IB4 (Fig. 6C ), in agreement with previous observations that the activation of caspases are key downstream events during BIK-induced cell death (74) (75) (76) . Cell survival data obtained following transfections of other EBV Lat III-expressing cell lines (including ER/ EB2-5 and AG876) consistently demonstrated BH3-dependent death due to ectopic BIK (data not shown).
BIK repression by EBNA2 antagonizes TGF-␤1-induced apoptosis in B-cell lines. Some EBV
Ϫ BL and EBV ϩ BL Lat I cell lines are highly sensitive to TGF-␤1, whereas LCLs and EBV ϩ BL Lat III cells are protected from its antiapoptotic and antiproliferative activities (77) (78) (79) (80) (81) . As BIK expression has been shown here to follow this pattern, i.e., repressed in LCLs and BL Lat III cell lines while it is upregulated in EBV-negative and BL Lat I cell lines (Fig.  1) , we therefore investigated a possible functional role for BIK downregulation by EBNA2. We first confirmed that BIK knockdown with siRNAs could antagonize both TGF-␤1-mediated BIK induction and apoptosis in the EBV-negative BL Ramos line, and we also verified this in a second EBV-negative non-BL line, BJAB ( Fig. 7A and B) . Furthermore, transient transfection of Ramos and BJAB with plasmids expressing ectopic EBNA2 or EBNA2WW323SR (a non-CBF-1-binding EBNA2 [65] ) led to the inhibition of BIK upregulation by TGF-␤1 (Fig. 7C) and rescued Ramos cells from the proapoptotic effect of TGF-␤1 (Fig. 7D) . The ability of the above EBNA2 mutant to repress BIK corroborated the result seen using the DG75 CBF1 somatic knockout cell using protein extracts from the same experiment as shown in panel A. (C) LCL ER/EB2-5 cells were cultured in the presence or absence of ␤-estradiol (E ϩ and Ϫ) and harvested for total RNA and protein 48 and 72 h later (values indicated underneath). Shown are RT-qPCR results for BIK mRNA (graph on left) and Western blot analysis results for SMAD3 (image on right). (D) ChIP analysis showing the relative SMAD3 and SMAD4 levels bound to the endogenous BIK promoter. Samples of sonicated chromatin were prepared from ER/EB2-5 cells that had been cultured with or without ␤-estradiol (E) for both 48 and 72 h (ϩ or Ϫ E) (values underneath the graph). These were then incubated separately with anti-SMAD3, anti-SMAD4, or isotype control antibody (control IgG). Input DNA and DNA isolated from immune-precipitated material (target-enriched DNA or isotype control-enriched DNA) were amplified by qPCR with primers designed to amplify a 420-bp SBE-containing sequence from the BIK promoter (pBIK). An irrelevant target DNA sequence (from the GAPDH promoter; pGAPDH) was also amplified independently from the same samples. Levels of promoter-bound SMAD3 and SMAD4 are expressed as percentages of the total input. Statistical comparisons were made between ␤-estradiol-treated or untreated samples taken at the same time points. The data shown were compiled from three experiments. Means Ϯ standard deviations are shown. *, P Յ 0.05, **, P ϭ 0.001 to 0.01. (E and F) ChIP analysis results, showing the relative SMAD3 and SMAD4 levels bound to the endogenous BIK promoter in Ramos (E) and BJAB (F) following transfection with effector plasmids (samples bracketed together underneath each graph) and treatment with TGF-␤1. Forty-eight hours after transfection, cells were treated with or without 10 ng/ml TGF-␤1 for a duration of 4 h. Cells were then harvested, and ChIP was performed as described for panel D, targeting the same regions of the BIK and GAPDH promoters. Levels of promoter-bound SMAD3 and SMAD4 are expressed as percentages of the total input. Statistical comparisons were made relative to the corresponding pSGtransfected/TGF-␤1-treated samples. The data shown were compiled from three experiments. Values are means Ϯ standard deviations. *, P Յ 0.05; **, P ϭ 0.001 to 0.01. (G) Western blotting results, showing endogenous SMAD3 levels in BJAB cells 48 h after transfection with effector plasmids (names given above each lane) and treatment with or without TGF-␤1 at 10 ng/ml (ϩ and Ϫ underneath the blots). line (Fig. 4C) . In summary, these findings strongly suggested that BIK downregulation by EBV is a key host-virus interaction that is modulated at the level of the R-SMAD/BIK promoter complex and that these events contribute to resistance to the antiapoptotic effects of TGF-␤1 seen in cells expressing EBNA2.
DISCUSSION
Here, we report for the first time a direct link between BIK, a BH3-only sensitizer protein, and EBV. The only studies to date associating BIK and EBV concerned the EBV protein BHRF1. This viral Bcl-2 homologue has been shown to bind BAK and also a subset of BH3-only activators, but not BH3-only sensitizers, including BIK (82, 83) . BAK inactivation therefore, and not direct interaction with BIK, corroborates an earlier finding where BHRF1 was shown to inhibit apoptosis induced by ectopic BIK (84, 85) . EBV Ϫ and EBV ϩ Lat I BLs do not express high levels of BCL-2, BCL-X L , or MCL-1, all of which are known to counter BIK-induced apoptosis (82, 86, 87) . Inactivating BIK mutations are a frequent feature of human peripheral B-cell lymphomas with GC/ post-GC origins (88), but to our knowledge, data for BL have not been reported. Our analysis of cDNA sequences generated from two EBV-positive (Akata and MUTU III) and two EBV-negative (BL41 and DG75) BL cell lines did not reveal mutations in the BIK open reading frame, however (data not shown).
BL cell lines are derived from centroblasts differentiating within GCs and are highly sensitive to TGF-␤-induced apoptosis (23, 79, 89) . The demonstration of BIK repression by the EBV Lat III but not the Lat I gene expression program is consistent with observations made elsewhere on increased resistance to TGF-␤ in BLs (80, 90) . Various mechanisms by which EBV confers resistance to TGF-␤ have been proposed (for a review, see reference 19) , including a decrease in the level of TGF-␤ receptors (78, 79, 91) . Elsewhere, however, it has been shown that the EBV Lat III program, but not c-MYC, preferentially protects P493-6 cells from the antiproliferative effect of TGF-␤1 (92) . Furthermore, the same study ruled out the abolition of TGF-␤1 apoptotic signaling, cyclin D2, EBV lytic cycle activation, and secondary genetic events as potential contributory factors. BIK repression due to EBV Lat III (but not c-MYC) in P493-6 cells (Fig. 2C) therefore occurs in the presence of a functioning TGF-␤1 signaling pathway. Some LCLs have been shown to produce TGF-␤ yet are resistant to its effects (93, 94) . As an additional mechanism of antagonism to TGF-␤, the EBV-BIK interaction may therefore further desensitize the virus-infected cell to the TGF-␤ autoregulatory feedback loop and provide a survival advantage during the expansion of the infected B-cell population.
EBNA2 has been shown to inhibit Nurr77-induced apoptosis by directly interacting with that protein (95, 96) and to also upregulate the antiapoptotic BFL-1 (97) . EBNA2 expression is invariably accompanied by LMP1 during EBV infection and almost always so in EBV-associated disease settings. Modest sensitization to TGF-␤ following treatment with antisense oligodeoxynucleotides to LMP1 has been shown elsewhere for LCLs (98) , although others have found no evidence to suggest that LMP1 plays a role in blocking TGF-␤-mediated responses in B cells (79) . LMP1 induction of Id1/repression of ATF3 has been shown to inhibit TGF-␤-mediated cytostasis in epithelial cells (99 Here, we have shown that infection of primary B cells in vitro leads to BIK repression by an EBNA2-dependent mechanism. The EBNA2-driven Lat III program promotes B-cell growth transformation and immortalization, and the EBV/BIK interactions described here may play an important role in that context and in disease settings where EBNA2 is expressed, such as EBV-associated posttransplant lymphoproliferative disease. Regulated BIK expression is critical for the selection of mature B lymphocytes (41) , and this is likely due to its ability to inhibit BCL-X L , whose function is key to GC cell survival. Elsewhere, gene expression profiling of B cells during stages of GC transit (naive to centroblast [CB] to memory cells) showed that genes known to exert proapoptotic functions, including BIK and the FAS CD95 receptor, are upregulated in the CB (8.5-and 17-fold, respectively) relative to naive B cells and remain expressed at similar levels in the emerging memory B cells (101) . The transition from CB to memory cells was characterized by a return to a phenotype similar to that of naive B cells except for an apoptotic program primed for both death and survival (101) . Cells expressing the EBV Lat III program are present in and restricted to the naive B-cell subset of healthy tonsils, however (102) . The loss of EBNA2 expression in vivo during GC transit implies that an EBNA2-independent mechanism(s) is required to maintain BIK repression in that setting, opening up the possibility that EBNA2-induced stable epigenetic changes or other EBV gene products play a role in that regard. This interpretation, however, implies that ER/EB2-5 cells, in which BIK is derepressed following EBV Lat III inactivation, do not completely recapitulate a true naive B cell as such, as has been noted elsewhere (103) , and highlights the need for further studies using infected primary material.
In this study, both the presence of a TGF-␤-activated SBE on the BIK promoter and a key role for SMAD3 in regulating both endogenous and TGF-␤-1-induced BIK levels were confirmed. We showed that an EBV/BIK interaction exists, that it is mediated by EBNA2, and that it involves an overall reduction in the level of SMAD3 bound to this upstream regulatory element. In additional mechanistic studies, we did not consistently observe trans-repression by EBNA2 of a 1.9-kb BIK promoter fragment containing the SBE (bp Ϫ1710/ϩ203) [104] ) following extensive promoter-reporter cotransfection assays using EBV-negative BL cell lines, nor did we observe differences in the stability of BIK mRNA in the presence or absence of activated chimeric EBNA2 in ER/EB2-5 (data not shown). Others have reported BIK transcriptional silencing due to hypermethylation (38, 105) ; however, we did not detect BIK derepression in LCLs in response to known inhibitors of methylation (data not shown). These results indicate that BIK modulation by EBNA2 is likely to also involve a role for more distal or downstream/intronic transcriptional regulatory elements in addition to the SMAD/BIK promoter interactions described here.
blk (BIK-like killer; also known as mouse BIK) is considered the murine orthologue of human BIK, on the basis of its location in syntenic regions, gene organization, and nucleic acid sequence as well as amino acid sequence similarity. Mice with a heritable defect resulting in elevated levels of BIK RNA have been shown to have higher levels of apoptosis in splenic B cells, and normal B-cell development was restored by BCL-XL overexpression (106) . In another study, B cells from BIK Ϫ/Ϫ knockout mice developed and reproduced normally, and deletion of this gene was shown to have little effect on the sensitivity of murine cells to apoptotic stimuli (40) , including p53 overexpression (33) . Murine and human BIK respond differently to stress stimuli, however (40, 75) , and distinctions between the functions of these orthologues may be explained by substantial differences: (i) in structure, as mouse and human BIK proteins are only 43% identical, despite having similar gene structures (107), (ii) in expression, because unlike its human counterpart, mouse BIK is largely restricted to hematopoietic and endothelial cells, implying a difference in regulation of expression (40) , and (iii) in response to TGF-␤, as the regulation of these genes is crucially different in that the SMAD-binding regions in the human BIK promoter are not conserved in mouse or rat (22) , indicating that BIK is unlikely to be involved in TGF-␤-regulated B-cell homeostasis in mice.
A recent mathematical description of the current model for EBV persistence makes a case for the EBV cycle of infection being the basis for persistence rather than EBV quiescence in the memory B-cell compartment (15) . Although the cellular responses that lead to BIK-mediated death remain incompletely characterized, one identified trigger is the shutoff of protein synthesis due to viral infection, a process induced by the EBV early lytic gene BGLF5 (82, 108, 109) . Interestingly, the EBV antiapoptotic Bcl-2 homologues, BHRF1 and BALF1, are transiently expressed immediately following EBV infection and are essential for B-cell immortalization, but they become dispensable once latent infection is established (57) . It may therefore be the case that negative transcriptional modulation of BIK by EBNA2 supersedes these early events and extends this survival advantage, thus favoring immortalization, persistence, and potentially lymphomagenesis.
